INTRODUCTION
============

Zinc has a unique role among metals in regulating the normal function of the prostate gland. Further, the sensitivity of prostatic adenocarcinoma (PCa) cells to Zn^2+^, particularly in combination with chemotherapy, represents a potentially highly selective approach to prostate cancer treatment ([@B1],[@B2]). Zn^2+^ forms high-affinity complexes with biopolymers, most notably the Zn^2+^-finger motif that is widely used by transcription factors for sequence-specific DNA recognition. These peptidic motifs frequently have subnanomolar affinity for Zn^2+^ and presumably persist in cellular environments in which the free Zn^2+^ concentration is extremely low ([@B3]). Zn^2+^ has also been reported to form specific complexes with DNA with some reports indicating that Zn^2+^ can mediate base pair formation, particularly for nucleobases with acidic imino hydrogens such as 5-fluorouracil (5FU) ([@B4],[@B5]). In principle, Zn^2+^ complexed to 5-fluoro-2′-deoxyuridine (FdU)-substituted DNA could be useful for cancer treatment in light of the cytotoxic properties of FdUMP\[10\] ([@B6; @B7; @B8]).

The structural motif responsible for Zn^2+^ complexation by FdU-substituted DNA is not presently known. Previous reports indicated that Zn^2+^ interacted with N3 of deprotonated FdU forming an ionic base pair with dA similar in geometry to Watson--Crick ([@B4],[@B5]). These studies were performed using DNA sequences with alternating FdU and 2′-deoxyadenosine (dA) nucleotides. Subsequent studies using FRET revealed DNA aggregation occurred under similar conditions ([@B9]). In the present report, we demonstrate that Zn^2+^, but not Mg^2+^, selectively stabilizes DNA containing consecutive FdU--dA base pairs. The Zn^2+^ complexes were characterized by enhanced thermal stability and exclusion of ethidium bromide (EtBr). Zn^2+^-mediated stabilization occurs only for DNA sequences containing consecutive FdU--dA base pairs and is not observed for sequences that do not contain FdU or that contain alternating FdU--dA nucleotides.

In the present studies, semi-empirical and *ab initio* calculations were used to determine the energetically preferred geometry for Zn^2+^ binding to DNA sequences containing consecutive FdU nucleotides ([Figure 1](#F1){ref-type="fig"}). Although crystallographic and NMR studies have indicated a propensity for monovalent cations to occupy the deep, narrow minor groove of A-tract DNA sequences ([@B10],[@B11]), the calculations revealed a distinct minimum energy conformation for the FdU--dA dimer complexed with Zn^2+^ under conditions when the 5′-terminal FdU was deprotonated. In this low energy structure, Zn^2+^ is localized in the major groove and interacts with F5 from the 5′-terminal FdU and with O4 from the 3′-terminal FdU as axial ligands in a distorted trigonal bipyramidal geometry with three water molecules occupying the equatorial sites. This previously uncharacterized structural motif is consistent with all of the spectroscopic, as well as the computational data. Figure 1.Computationally derived model of Zn^2+^ complexation to the hemi-deprotonated dimeric duplex consisting of consecutive FdU--dA base pairs. Zn^2+^ is located in the major groove with a distorted trigonal bipyramidal geometry in which the fluorine from the deprotonated FdU is one axial ligand and O4 from the second FdU is the second axial ligand. Water molecules are the equatorial ligands. White dashed lines are used to illustrate the coordinating atoms. (**A**) View emphasizing the Zn^2+^--water interactions; (**B**) View emphasizing Zn^2+^ interactions with DNA nucleobases. The triangle connecting the three water oxygens provides a visual frame of reference.

We also evaluated the cytotoxicity of the Zn^2+^--DNA complex to determine to what extent the inclusion of Zn^2+^ in FdU-substituted DNA complexes may be useful for prostate cancer treatment. The Zn^2+^--DNA complex was prepared using lipofectamine both to stabilize the complex under cell culture conditions and to improve cellular uptake. The results clearly demonstrate that the DNA**--**Zn^2+^ complex has greater cytotoxicity toward PCa cells than either DNA alone or Zn^2+^ alone. Thus, our results demonstrate that Zn^2+^ interacts with DNA containing consecutive FdU--dA base pairs by binding in the major groove in a previously uncharacterized structural motif. Further, complexation of Zn^2+^ enhances the cytotoxicity of FdU-substituted DNA toward PCa cells demonstrating the feasibility for using this structural motif for PCa treatment.

MATERIALS AND METHODS
=====================

Design and synthesis of DNA hairpins
------------------------------------

The DNA sequences used for these studies were designed to favor intramolecular hairpin formation and to be stable at physiological temperature. Each of the four hairpin DNA sequences consisted of a 10 bp stem consisting of all A--T (or A--FdU) base pairs. The loop region included the GAA sequence that was previously shown to promote hairpin formation ([@B12]). The loop was closed by a single C--G base pair. Gel-electrophoresis studies (15% native PAGE gel) demonstrated a single species was present ([Supplementary Figure S8](http://nar.oxfordjournals.org/cgi/content/full/gkr029/DC1)) and subsequent ^1^H NMR studies demonstrated the chemical shift characteristic for the C--G base pair closing the loop in a similar sequence ([@B13]). Four DNA hairpins were designed ([Figure 2](#F2){ref-type="fig"}). The sequence 'A10--T10' included 10 consecutive T nucleotides at the 5′-terminus and the corresponding 10 consecutive A nucleotides at the 3′-terminus. The '5′-FdU' sequence was identical to the A10--T10 sequence except all of the T nucleotides were substituted by FdU. The '3′-FdU' hairpin DNA sequence had the location of the 10 consecutive A and FdU nucleotides reversed relative to the 5′-FdU hairpin with the 10 consecutive FdU nucleotides located at the 3′-terminus. The 'Alt-FdU' sequence had alternating A and FdU nucleotides throughout the stem and thus lacked consecutive FdU nucleotides. These DNA hairpin sequences were designed to evaluate the structural requirements for FdU substitution on formation of complexes with divalent metal ions, including Zn^2+^ and Mg^2+^. All DNA sequences were prepared at the University of Calgary DNA Core laboratory and purified by gel-filtration chromatography. Figure 2.Structure of the DNA hairpins investigated in the present studies. Each of the hairpins includes a 10 bp stem capped by the pentanucleotide CGAAG to promote intramolecular hairpin formation. The control sequence A10--T10 consists of all native nucleotides. The three FdU-containing sequences differ in the location of FdU nucleotides as shown.

Formation of Zn^2+^--DNA complexes
----------------------------------

Intramolecular hairpins were formed using 1 mM DNA in dH~2~O by heating to 80°C for 5 min followed by rapid cooling. Zn^2+^ (or Mg^2+^) complexes were formed by incubating 100 µM DNA with 0--5 mM ZnCl~2~ (or MgCl~2~) in M-DNA buffer (20 mM sodium cacodylate, pH 8.0, 10 mM NaCl) for 1 h at room temperature. The formation of specific Zn^2+^ complexes with hairpin DNA sequences was evaluated using an EtBr exclusion fluorescence assay as previously described ([@B5]). This assay was performed by combining 20 μl of the above described M-DNA complex with 80 µl of EtBr solution (10 mM NaCl, 20 mM sodium cacodylate, pH 8.0, +25 µM EtBr) followed by incubation for 30 min at room temperature in a 96-well clear bottom, black plate (Costar). The final divalent metal concentration ranged from 0 to 1 mM. EtBr fluorescence was detected using a Typhoon-9210 variable mode imager with Green laser (532 nm) excitation and 610 nm emission filter (with 500 PMT set). Fluorescence intensity was quantified with the software ImageQuant 5.2 and graphed versus Zn^2+^/Mg^2+^ concentration.

Analytical characterization of DNA--Zn^2+^ complexes
----------------------------------------------------

DNA--Zn^2+^ complexes were analyzed by circular dichroism (CD) and NMR spectroscopy to characterize their structural features and any specific changes induced by Zn^2+^ or Mg^2+^. A 300 µl aliquot of 20 µM DNA solution with either 0, 0.5 mM, 1 mM Zn^2+^ (or Mg^2+^) was prepared in M-DNA buffer as described above and used to obtain the CD spectrum. An Aviv CD spectrometer was used to scan the region from 210 to 310 nm at a rate of 0.5 nm/s. Temperature was controlled at 20°C.

^1^H, ^19^F, ^31^P and ^13^C NMR spectroscopy were used to investigate specific structural perturbations induced by Zn^2+^ to the 3′-FdU hairpin. For the NMR analysis, 500 μl of 0.5 mM 3′-FdU in M-DNA buffer modified to contain 40 mM sodium cacodylate were used. NMR samples contained either no metal, 5 mM Zn^2+^ or 5 mM Mg^2+^. Also, 10% D~2~O was included to maintain lock. The final pH of the samples was adjusted to either pH 7 or 8 (±0.1 pH unit). ^1^H NMR spectra were collected using a Bruker Avance DRX 600 MHz spectrometer with a TXI Cryoprobe at 10°C using the WATERGATE sequence with a 3-9-19 refocusing pulse. Nulls were set at ±18.1 ppm. Spectra were acquired with a spectral width of 33.3 ppm, 8192 total data points and 256 scans. A relaxation delay of 10 s was used to obtain ^1^H spectra for integration. ^13^C spectra were collected at 15°C using inverse-gated proton decoupling during acquisition, a 2 s relaxation delay, a spectral width of 200.0 ppm, 8192 total data points and 65,536 scans (30° pulse). ^19^F and ^31^P NMR spectra were acquired using a Bruker 300 MHz NMR instrument with 85% H~3~PO~4~ (δ = 0 ppm) or 5 mM aqueous solution of KF (δ = 125.3 ppm) as concentric internal standard capillaries (Wilmad).

Temperature-dependant melting analysis
--------------------------------------

Temperature-dependent melting (*T*~m~) of all four DNA hairpins complexed or not complexed with Zn^2+^/Mg^2+^ was determined using UV absorption spectroscopy at 260 nm. Four hundred microliters of a 2.5 µM solution of the annealed hairpins in M-DNA buffer in the presence or absence of 0.5 mM Zn^2+^ (or Mg^2+^) were analyzed using a Beckman Coulter DU-800 UV--Vis spectrophotometer in the temperature region 20--85°C. Temperature was increased at a rate of 0.5°C/min. Melting temperatures were determined from the first derivative of the hyperchromicity profiles except for the 3′-FdU and 5′-FdU samples in the presence of Zn^2+^ for which an inflection point was not observed, consistent with strand slippage during melting, and the *T*~m~ calculated from the percent increase in hyperchromicity ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkr029/DC1)).

Cytotoxicity of FdU hairpins and Zn^2+^ complexes
-------------------------------------------------

The cytotoxicity of the FdU hairpins and Zn^2+^ complexes was determined using a modified clonogenic assay with an MTT read-out. PC3 prostate cancer cells were seeded in 24-well plates at a cell density of 250 cells/well with 500 μl complete media (Roswell Park Memorial Institute (RPMI) + 10% fetal bovine serum (FBS) + 1% Penicillin & Streptomycin). After 24 h, media was removed and cells were washed twice with 500 µl phosphate-buffered saline (PBS) followed by addition of 500 μl serum-free RPMI. The 3′-FdU--Zn^2+^ complex was formed by incubating 100 μM 3′-FdU hairpin with 5 mM Zn^2+^ in M-DNA buffer at room temperature for 1 h. Lipofectamine 2000 (Invitrogen) was diluted in 100 μl Opti-MEM media (pH = 8.0) to 7.5 ng/μl and incubated at room temperature for 5 min. The 3′-FdU--Zn^2+^ complex was then combined with diluted lipofectamine and incubated at room temperature for 20 min followed by the addition to each well. After 12 h, media was replaced with fresh complete media and incubated at 37°C for a total of 14 days with media changes every 2 days. Cell viability was then assessed using an MTS assay. All experiments were done in triplicate. Each set of data (net absorbance) were then expressed as a percentage, considering the no treatment (i.e., lipofectamine only) group as 100%.

Computational modeling
----------------------

The initial models for the Zn^2+^ complexes were derived from coordinates for two consecutive dT--dA base pairs extracted from the NMR solution structure (pdb 1JVE) ([@B13]). Conversion to FdU was performed by deleting the thymidine methyl group and replacement with fluorine. Initially, eight complexes were geometry optimized in the absence of Zn^2+^ and water molecules: (i) fully protonated: both thymidine (or FdU) base nitrogens protonated; (ii) hemi-deprotonated: one protonated thymidine (or FdU) base nitrogen and one unprotonated thymidine (or FdU) base nitrogen; (iii) fully deprotonated: two unprotonated thymidine (or FdU) base nitrogens. There are two non-identical hemi-deprotonated complexes: (i) 5′-dT-(or 5′-FdU-) deprotonated or (ii) 3′-dT-(or 3′-FdU-) deprotonated). Geometry optimizations were performed with the addition of Zn^2+^ and water molecules to each complex. For all calculations, the NMR structure was used as the starting configuration and two Mg^2+^ counterions were added in the vicinity of the backbone phosphorus. Zn^2+^ was added (except in the control computation) between the fluorine atoms of the two FdU. Additional calculations confirmed the structures obtained were independent of initial Zn^2+^ placement. All modifications were performed using Molden. All structures were geometry optimized with Gaussian 03 using PM3 in Cartesian coordinates. Post-optimization, single-point calculations were performed with a minimal basis set (STO-3g\*) to obtain energies and for a Natural Bond Orbital analysis ([@B14]) from which the Wieburg bond orders were extracted. Stabilization energies were calculated by subtracting the energy of dA--dT (or FdU) in the appropriate protonation state (doubly, singly or unprotonated) and the energy of Zn^2+^ with four water molecules from the energy of the full complex.

RESULTS
=======

Formation and stability of DNA--Zn^2+^ complexes
------------------------------------------------

The propensity of Zn^2+^ or Mg^2+^ to increase the thermal stability of four DNA hairpin sequences was evaluated by UV hyperchromicity measurements while the propensity of these metal ions to form specific complexes with these DNA hairpin sequences was evaluated using an EtBr exclusion assay. The results of the thermal stability studies are summarized in [Table 1](#T1){ref-type="table"} and representative thermal melting graphs are displayed in [supplementary data](http://nar.oxfordjournals.org/cgi/content/full/gkr029/DC1) ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkr029/DC1)). The control (no-FdU) sequence consisting only of native nucleotides ([Figure 2](#F2){ref-type="fig"}) had a melting temperature of 54.3°C in the absence of divalent metal ions. The native sequence was markedly stabilized by Mg^2+^ (*T*~m~ ≥ 62.2°C); however, Zn^2+^ addition resulted in non-equilibrium melting conditions for the native sequence with an unexpectedly low apparent *T*~m~ (37.6°C). Mg^2+^ increased the thermal stability of all sequences except Alt--FdU. The extent of stabilization for 3′-FdU or 5′-FdU by Mg^2+^ was, however, not as great as for the native sequence ([Table 1](#T1){ref-type="table"}). In contrast to the apparent destabilizing effects of Zn^2+^ on the native sequence, Zn^2+^ markedly stabilized both hairpin sequences that contained consecutive FdU nucleotides (3′-FdU and 5′-FdU) ([Figure 2](#F2){ref-type="fig"}). The stabilization of the 3′-FdU and 5′-FdU sequences by Zn^2+^ was slightly greater than the extent of stabilization of the native sequence by Mg^2+^. Interestingly, a melting temperature for the Alt--FdU sequence could not be obtained in the presence of Zn^2+^ as addition of Zn^2+^-induced precipitation of the Alt--FdU sample during the thermal melting experiments, likely as a consequence of interstrand complex formation as reported in previous FRET studies ([@B9]). Zn^2+^ also qualitatively altered the shape for the thermal melting curves for all four samples, and for 5′-FdU and 3′-FdU the *T*~m~ was estimated from the percent change in hyperchromicity rather than from the first derivative of the melting profile ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkr029/DC1)). The thermal melting results are consistent with selective stabilization of DNA sequences containing consecutive FdU nucleotides by Zn^2+^. Table 1.Melting temperatures for DNA hairpins as a function of metal ionZn^2+^Mg^2+^No metal3′FdU66.147.444.55′FdU60.545.039.5Alt FdU--44.846.4Control37.6[^a^](#TF1){ref-type="table-fn"}62.254.3[^1]

The formation of specific complexes for the four DNA hairpin sequences with Zn^2+^ and with Mg^2+^ was evaluated by measuring the quenching of EtBr fluorescence. The results are summarized in [Figure 3](#F3){ref-type="fig"}. Addition of Mg^2+^ resulted in a slight, concentration-dependent decrease in EtBr fluorescence for all DNA hairpins except Alt--FdU (∼85% of control). In contrast, the effects of Zn^2+^ were highly sequence dependent. The effects of Zn^2+^ on the control sequence were similar to the effects of Mg^2+^ with a moderate concentration-dependent decrease in EtBr fluorescence. The effect of Zn^2+^ on the 'Alt--FdU' sequence was also moderate. In contrast, Zn^2+^ had a dramatic effect on EtBr fluorescence for the 3′-FdU and 5′-FdU sequences. Addition of 1 mM Zn^2+^ resulted in attenuation of EtBr fluorescence to \<25% of control for these two sequences ([Figure 3](#F3){ref-type="fig"}). The results are consistent with Zn^2+^ forming specific complexes with DNA sequences containing consecutive FdU nucleotides. Similar complexes do not form with Mg^2+^ or with sequences containing non-consecutive FdU nucleotides. Figure 3.Zn^2+^, but not Mg^2+^, inhibits EtBr intercalation into duplex DNA containing consecutive FdU--dA base pairs. EtBr exclusion data are shown for each of the four DNA hairpins in the presence of the indicated concentrations of Zn^2+^ (red) or Mg^2+^ (blue). (**A**) 3′FdU hairpin; (**B**) 5′ FdU hairpin; (**C**) Alt-FdU hairpin; (**D**) No-FdU sequence.

CD of DNA--Zn^2+^ complexes
---------------------------

CD was used to evaluate alterations to DNA structure caused by Mg^2+^ or Zn^2+^ binding. All four DNA hairpins displayed CD spectral features characteristic of B-form DNA ([Figure 4](#F4){ref-type="fig"}). The addition of Zn^2+^, but not Mg^2+^, resulted in a concentration-dependent blue-shift of ∼20 nm for the maximal positive ellipticity near 280 nm selectively for the DNA sequences containing consecutive FdU nucleotides. The CD spectra for the control sequence consisting of only native nucleotides displayed no significant variability upon addition of either Mg^2+^ or Zn^2+^ ([Figure 4](#F4){ref-type="fig"}). The maximal ellipticity at 280 nm depends on base pairing, base stacking and base tilting, and shifts in this maximum for the FdU-containing sequences are consistent with alterations in local base pair geometry upon Zn^2+^ complex formation. Figure 4.CD spectra demonstrate Zn^2+^ selectively induces a hypsochromic shift upon addition to DNA hairpins containing consecutive FdU--dA base pairs. Spectra for each hairpin were acquired in the presence and absence of Zn^2+^ and Mg^2+^ at the indicated concentrations. The CD spectra indicate that complexation with Zn^2+^ alters the structure of DNA hairpins that contain consecutive FdU--dA base pairs. Computational studies indicate base slide and tilt accompany Zn^2+^ complexation ([Figure 1](#F1){ref-type="fig"}B). (**A**) 3′FdU hairpin; (**B**) 5′ FdU hairpin; (**C**) Alt-FdU hairpin; (**D**) No-FdU sequence.

Molecular modeling Zn^2+^--DNA complexes
----------------------------------------

The preferred geometry for Zn^2+^ binding DNA sequences containing consecutive FdU nucleotides was calculated using Gaussian 03. Specifically, the coordinates for two consecutive dT--dA base pairs were extracted from the NMR solution structure for a DNA hairpin similar to those used for the present studies (pdb 1JVE) ([@B13]). Thymidine methyl groups were replaced with fluorine. The geometry and charge distribution for the 2 bp duplex was optimized under three conditions: (i) 'high pH state' in which both FdU were ionized (−1 net charge on each nucleobase); (ii) 'biological pH state' in which one FdU was ionized (pK~A~ of FdU ∼7.6) and (iii) a 'low pH state' in which neither FdU was ionized. Zn^2+^ was added to the system and the overall geometry and charge distribution were optimized for minimal energy as described in the methods. The structure of the dinucleotide step under biological pH conditions (i.e. hemi-deprotonated) with the addition of water molecules to coordinate Zn^2+^ is shown in [Figure 1](#F1){ref-type="fig"}. Surprisingly, Zn^2+^ is located in the major groove with simultaneous interactions with the O4 carbonyl oxygen of the 3′-terminal FdU and F5 of the 5′-terminal FdU, which is deprotonated in the low energy structure. The Zn^2+^--F distance is 3.2 Å while the Zn^2+^--O4 distance is 1.9 Å. The Zn^2+^--O4 interaction has a bond order of 0.277 and thus is a partial covalent bond ([Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gkr029/DC1)). Zn^2+^ significantly stabilized the biological pH structure with stabilization energy of 3.84 kcal/mol. Zn^2+^ coordinates three water molecules with distances of 2.10, 2.12, and 2.14 Å. The overall coordination geometry for Zn^2+^ is distorted trigonal bipyramidal. A similar geometry is observed in the high pH \[fully deprotonated state ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr029/DC1))\]. In the 'low pH state', Zn^2+^, unsurprisingly, does not coordinate with FdU stably, but remains coordinated with the three water molecules. The computational model predicts longer than expected hydrogen bonds for the Watson--Crick base pair maintained in the hemi-deprotonated complex ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkr029/DC1)), likely as a result of an absence of base stacking in the dinucleotide step modeled relative to the complete hairpin for which experimental NMR data indicate maintenance of normal Watson--Crick base pairing.

NMR spectroscopy
----------------

The effects of Zn^2+^ complex formation on the structure of the 3′-FdU sequence were analyzed using NMR spectroscopy. ^1^H NMR spectra were obtained in 90% H~2~O solution. Imino ^1^H signals were readily apparent for the 3′-FdU hairpin in the presence of Zn^2+^, Mg^2+^ and no divalent metal at both pH 7 ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gkr029/DC1)) and pH 8 ([Figure 5](#F5){ref-type="fig"}). Interestingly, although the pK~A~ for monomeric FdU is ∼7.6, there was little change in relative intensity for the FdU imino ^1^H between pH 7 and pH 8 either in the no metal sample or in the sample that contained Mg^2+^. Integration of the FdU imino region was performed relative to a region of carbon bound ^1^H (5.8--8.5 ppm) that was indistinguishable in all samples and arbitrarily set to 100. The well-resolved G-imino at 12.5 ppm varied from 0.81 to 1.60 in all samples relative to this standard while integral values ranged from 5.7 to 6.0 for the 10 FdU imino ^1^H in this region. End-fraying causes the almost complete loss of the terminal FdU imino ^1^H and chemical exchange with water is likely responsible, in part, for the integral values being significantly less than the theoretical value of nine. Thus, for the no metal and Mg^2+^ samples, the FdU imino are mostly protonated and do not titrate significantly between pH 7 and 8. Figure 5.(**A**) ^1^H NMR spectra showing no significant intensity change for the imino region for the 3′-FdU hairpin in the presence of Zn^2+^ or Mg^2+^; (**B**) ^19^F NMR spectra showing that Zn^2+^, but not Mg^2+^, results in significant downfield shifts.

In contrast to the no metal and Mg^2+^ samples, the integral values for the FdU imino ^1^H region for the Zn^2+^ complex display a marked pH dependence. The integral value of 5.87 at pH 7 for the Zn^2+^ sample is similar to that observed for the no metal and Mg^2+^ samples and likely indicates a mostly protonated state for the FdU imino ^1^H. EtBr is not excluded from the 3′-FdU in the presence of Zn^2+^ at pH 7. At pH 8, the integral value for the FdU imino ^1^H region decreases to 2.74, about one-half of the value observed at pH 7. Under these conditions, the 3′-FdU forms a specific complex with Zn^2+^ that excludes EtBr. Thus, Zn^2+^ perturbs the equilibrium to favor a partly deprotonated state (e.g. hemi-deprotonated) and forms a specific complex with the 3′-FdU hairpin. This complex formation occurs with no discernible changes in chemical shift, only in intensity, for the FdU imino ^1^H, indicating the overall structure of the DNA does not undergo major conformational change consistent with the CD data.

In contrast to the relatively minor changes in chemical shift observed for imino ^1^H resonances in the presence of Zn^2+^, ^19^F NMR spectra displayed significant downfield shifts in the presence of Zn^2+^ at pH 8 ([Supplementary Figure 5B](http://nar.oxfordjournals.org/cgi/content/full/gkr029/DC1)) but not pH 7 ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gkr029/DC1)). The entire ^19^F region was downfield shifted by 0.2--0.5 ppm and increased spectral dispersion was also evident in the presence of Zn^2+^. These results are consistent with the computationally derived structure in which one fluorine is an axial ligand for Zn^2+^. The ^19^F resonances were not shifted by Mg^2+^ ([Supplementary Figure 5B](http://nar.oxfordjournals.org/cgi/content/full/gkr029/DC1)). Since the calculations also indicated Zn^2+^ interacted with an O4 carbonyl oxygen, the one dimensional ^13^C spectrum was also acquired. Detectable downfield chemical shift changes were observed for resonances having chemical shifts consistent with the C4 carbonyl position (∼160 ppm) ([Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gkr029/DC1)). No other significant changes were evident in the 1D ^13^C NMR spectrum. The ^19^F and ^13^C NMR results are consistent with the structural calculations indicating Zn^2+^ interacts with O4 and F5 of consecutive FdU nucleotides. In contrast to the ^19^F and ^13^C spectra in which Mg^2+^ had no significant effect, Mg^2+^, but not Zn^2+^, resulted in marked sharpening of the ^31^P resonances and some increase in spectral dispersion ([Supplementary Figure S7](http://nar.oxfordjournals.org/cgi/content/full/gkr029/DC1)).

Cytotoxicity of DNA--Zn^2+^ to PCa cells
----------------------------------------

Although normal prostate tissue has the highest Zn^2+^ concentration in the human body, prostate cancer (PCa) cells have extremely low intracellular Zn^2+^ and Zn^2+^ is highly cytotoxic to PCa cells ([@B15]). Thus, Zn^2+^ complexes of FdU-containing DNA sequences may be cytotoxic to PCa cells both from the intracellular release of Zn^2+^ and from the release of the cytotoxic nucleotide analog FdUMP ([@B6],[@B7]). The 3′-FdU DNA hairpin was prepared with and without Zn^2+^ using lipofectamine to promote cellular internalization. Cytotoxicity was evaluated using a modified clonogenic assay with an MTS readout. The results are shown in [Figure 6](#F6){ref-type="fig"}. As is evident from the data, the 3′-FdU hairpin sequence is cytotoxic toward PCa cells. The lipofectamine complex containing Zn^2+^, but did not include the FdU-substituted DNA, was also cytotoxic toward PCa cells. The cytotoxicity of the Zn^2+^**--**DNA complex prepared with lipofectamine displayed the greatest cytotoxicity toward PC3 cells ([Figure 6](#F6){ref-type="fig"}). All samples were prepared under identical conditions. We conclude that inclusion of Zn^2+^ in lipofectamine complexes of FdU-containing DNA sequences enhances the cytotoxicity of FdU-substituted DNA toward prostate cancer cells. Figure 6.MTS assay results demonstrating the cytotoxicity of Zn^2+^, the 3′-FdU DNA hairpin and the Zn^2+^ complex of the 3′-FdU hairpin, towards PC3 prostate cancer cells. The Zn^2+^--DNA complex (mDNA) displays the greatest cytotoxicity.

DISCUSSION
==========

The present work demonstrates that Zn^2+^ forms specific complexes with duplex DNA sequences containing consecutive FdU nucleotides. The evidence for complex formation includes significant increase in thermal stability and exclusion of EtBr intercalation. The effects of Zn^2+^ are highly specific for DNA duplexes containing consecutive FdU nucleotides and do not occur for analogous sequences that contain similar numbers of FdU in non-sequential positions nor occur for sequences consisting of native nucleotides. While Mg^2+^ was found to stabilize all of the DNA hairpins included in the present study except Alt-FdU, stabilization by Mg^2+^ was greatest for the sequence consisting of only native nucleotides. Further, Mg^2+^ was not as efficient as Zn^2+^ at stabilizing DNA sequences that included consecutive FdU nucleotides. Mg^2+^ was also not as effective as Zn^2+^ at excluding EtBr binding to DNA sequences containing consecutive FdU nucleotides. Thus, Zn^2+^ interacts with DNA sequences containing consecutive FdU nucleotides in a manner that is distinct from Mg^2+^.

Although previous reports have indicated that Zn^2+^ causes intermolecular aggregates from DNA containing alternating FdU--dA at basic pH, the present work is the first to demonstrate that intramolecular complex formation with Zn^2+^ occurs for DNA hairpins containing consecutive FdU nucleotides. As complex formation was not observed with the corresponding dT hairpin DNA sequences and is pH dependent, it is likely that Zn^2+^ preferentially interacts, in part, with ionized FdU nucleotides. Specific interaction of Zn^2+^ with the O2 carbonyl would place Zn^2+^ in the minor groove, a location that has been demonstrated to bind Na^+^ ions in other A--T rich DNA sequence ([@B10]). The basis for the requirement of Zn^2+^ binding to DNA sequences that include consecutive FdU nucleotides was elucidated from *ab initio* and semi-empiricial Gaussian calculations that demonstrated, for the first time, that Zn^2+^ coordinates with F5 of the 5′-FdU nucleotide and the O4 carbonyl oxygen of the 3′-neighboring FdU. Activation of F5 for Zn^2+^ complexation requires FdU deprotonation, while the O4**--**Zn^2+^ interaction occurs with minimal disruption to Watson--Crick geometry. The overall geometry of Zn^2+^ in complex with consecutive FdU nucleotides is trigonal bipyramidal and the ligands not donated by FdU (e.g. F5 and O4) are occupied by water molecules. This mode of Zn^2+^ binding with nucleic acids has not been described previously and is distinct from the binding mode postulated previously in which Zn^2+^ replaced hydrogen in A--FdU base pairs ([@B4],[@B5]).

The unique binding mode of Zn^2+^ identified in the present studies is supported by all of the spectral data. First, the binding motif is consistent with the EtBr exclusion data as interactions of positively charged Zn^2+^ with consecutive nucleotides would be expected to exclude positively charged EtBr from intercalating into the duplex. The computationally preferred Zn^2+^ binding motif is also consistent with all of the ^1^H, ^19^F, ^31^P and ^13^C NMR data as well as the CD data. In contrast to previous studies that indicated imino ^1^H were not evident in Zn^2+^ complexes of FdU-containing DNA sequences ([@B4],[@B5]), the present study demonstrated Zn^2+^ complex formation occurred under conditions when about one-half the FdU imino ^1^H were present (e.g., hemi-deprotonated). Thus, under the solution conditions employed in these studies, the FdU nucleotides are not uniformly ionized, Zn^2+^ does not mediate base pair formation and A-FdU base pairing is present although reduced in intensity. The ^19^F spectra, however, show a downfield shift upon Zn^2+^ complex formation. No changes in the ^19^F spectra occurred upon addition of Mg^2+^. The observed downfield shift is consistent with reduced electron density about ^19^F in the Zn^2+^ complex. ^19^F resonances are very sensitive to electronic perturbations and while the observed downfield shift for these resonances does not prove a direct interaction between Zn^2+^ and F5 as predicted by the calculations, the observed chemical shifts are consistent with such an interaction. Downfield shifts in the ^13^C resonances for the C4 carbonyl region of FdU nucleotides were also observed following Zn^2+^ complex formation consistent with the computationally-derived low energy structure. In contrast, Mg^2+^ induced significant chemical shift perturbations to the ^31^P NMR spectra while Zn^2+^ did not. Thus, all of the NMR spectral data are consistent with the computationally derived binding mode for Zn^2+^ with DNA sequences including consecutive FdU nucleotides.

The present study has demonstrated a previously uncharacterized binding mode for Zn^2+^ with DNA sequences that include consecutive FdU nucleotides. Zn^2+^ binding is energetically favored under conditions where half of the FdU are deprotonated, or slightly above physiological pH (the pK~A~ of FdU is ∼7.6). As both Zn^2+^ and FdU-containing DNA are cytotoxic toward prostate cancer cells, it is of interest whether Zn^2+^ might be complexed with FdU-containing DNA for therapeutic purposes ([@B16]). In the present study, we have demonstrated that lipofectamine enhances the cytotoxicity of Zn^2+^--DNA complexes towards PCa cells. The lipofectamine-stabilized Zn^2+^--DNA complexes demonstrate enhanced cytotoxicity relative to the components under standard tissue culture conditions. As both Zn^2+^ and FdU-containing DNA are well-tolerated *in vivo*, the complexes are likely to be well-tolerated *in vivo* as well, and may provide a new and more efficacious approach to prostate cancer treatment.
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[^1]: ^a^Value reported is an apparent *T*~m~ as addition of Zn2^+^ resulted in non-equilibrium conditions.
